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The potential interplay between neuromelanin (NM) and the loss of pigmented neurons in Parkinson's disease has prompted a significant effort to understand its structure and interactions. Although NM is commonly referred to as a "lysosome-related organelle", it is a complex entity with melanic components bound to metals, peptides and lipids, the structures of which are still unknown (1) (2) (3) (4) (5) (6) (7) . While there have been many studies examining the properties of the melanic pigment, less is known about the lipids and proteins present. Dolichol (dol) reportedly accounts for 14% of the dry weight of NM pigment (2) .
Yet to date, the quantification of the distribution of dol present in NM has not been reported, and it is not known whether the lipid distribution in NM is the same as that in the surrounding midbrain tissue. Determining such information could be important to developing a better understanding of potential link between NM, brain aging and Parkinson's disease. Dolichols are polyisoprenoid α-saturated alcohols occurring in species-specific series, typically 14-22 residues in human cells. Dol are present in all cellular membranes and can accumulate in some tissues. Accumulation of dol in the brain is characteristic of ageing (8) . Increased dol levels are also observed in hepatocarcinogenesis and ceroid lipofuscinosis (9) . On the other hand, dol concentrations in brains of Alzheimer's disease patients are drastically decreased (8) .
Roles for membrane-associated dol have been postulated; an increase in the membrane dol may alter membrane structure, fluidity and functionality (10) . The significance of the separate dol pool located in the lysomal luminal compartment remains by guest, on www.jlr.org Downloaded from 4 to be determined (11) . Luminal dol is believed to be a possible source of increased dol in ageing (12) and may be the source of dolichol seen in NM. A correlation between the amount of lipofuscin and the concentration of dol indicates the two may be related (13, 14) .
Herein, we report the characterization by mass spectrometry of dol and its oxidized derivative, dolichoic acid (dol-CA), in NM granules from human substantia nigra (SN). The concentrations of specific dol and dol-CA molecular species in NM were determined to be within about a factor of four of each other. Only very small amounts of dol-CA were detected in total pig brain lipids, requiring that the dol-CA be separated from the more abundant dol by ion exchange chromatography prior to mass spectrometry. This is the first report of dol-CA as a natural product in mammalian tissues.
Experimental Procedures

Isolation of Neuromelanin and Lipid Extraction
This study was approved by the Institutional Review Board and performed in accordance to the ethics committee of Duke University Medical Center. NM was isolated from the SN pars compacta region of the human midbrain of neurologically normal adult individuals within 48 hrs after death and immediately frozen at -80 o C as described previously (15, 16) . The dissection of the SN from the frozen human midbrain was performed on a cold plate at -10°C, homogenized in distilled H 2 O (0.03 g/mL) in a glass- washed/centrifuged (12,000 x g) twice with 5 mL of NaCl (9 mg/mL). The NM was then washed/centrifuged (12,000 x g) with 5 mL of water.
After dialysis against water (to remove low molecular weight compounds and remaining salts), the NM was suspended in 1 mL of methanol, sonicated for 5 min, and 
Preparation of Dol-CA
A 2.5 mg dol mixture (Avanti Polar Lipids) was dissolved into 1 mL acetone.
Jones reagent was prepared using 6.7 mL H 2 O, 3.35 g CrO 3 , and 2.9 mL H 2 SO 4 (18 M).
Water was added until no precipitate remained (approximately 2 mL). Next, 8 µL of
Jones reagent were added drop-wise to the dol mixture. The liquid portion, including the lipids, was aspirated; the salt precipitate was rinsed twice with 100 µL acetone to ensure complete extraction of lipids, and the rinses were added to the original supernatant. The solution was neutralized by adding NaHCO 3 until reaching pH ~7, filtered, and centrifuged. Three mL of aqueous NaCl (saturated) were added to the solution. The lipids were then extracted three times with 3 mL portions of ethyl acetate. The organic layers were combined and dried down. Half of the final product was re-dissolved in 100 µL of isopropyl alcohol for LC/MS analysis.
HPLC/MS Experimental Conditions
LC/MS analysis was performed using a Shimadzu LC system (comprising a solvent degasser, two LC-10A pumps and a SCL-10A system controller) coupled to a QSTAR XL high-resolution quadrupole time-of-flight mass spectrometer (Applied Biosystems, Foster City, CA). The negative ion TOF mode of Q-Star XL mass spectrometer was calibrated using PPG3000 (Applied Biosystems). LC was operated at a 
Anion-exchange Fractionation of Porcine Brain Lipids
The anion-exchange fractionation of porcine brain lipids (Avanti Polar Lipids, Part number: 131101) was performed using an Agilent 1200 HPLC system. The DEAE column (DEAE-5PW, 10 µm, 7.5 mm × 7.5 cm) was from Sigma. The LC flow rate was 8 chloroform, followed by adding 100 µL DMSO. Typically, 10 µL of the sample solution was injected onto a C8 reversed-phase column for LC/MS analysis as described above. Figure 1C . Note that the ion intensities shown in the averaged mass spectrum of Figure   1B do not reflect the relative abundance of various dol and unknown series of polyisoprenoid derivatives.
Results
Figure
To identify these unknown species, MS/MS was performed. Figure 2A Free dol and dol-CA account for approximately 12.2% and 3.1% of the dry weight of NM, respectively (data shown in Table 1 ). 
LC/MS detection of dol-CA in porcine brain lipids.
No dol-CA ion signals were observed during total lipid profiling of mouse brains by mass spectrometry (data not shown) or pig brain (Fig. 3A) . However, it remained possible that dol-CA species might be present at very low levels in the total brain lipid extract and detection of them might require pre-fractionation. We therefore performed anion-exchange fractionation on 1 gram of porcine brain lipids (Avanti Polar Lipids)
prior to LC/MS analysis. As shown in Figure 3C , dol-CA species are indeed detected in the lipid fraction eluted from DEAE cellulose with 30 mM ammonium acetate as the aqueous component, while free dol emerge in the DEAE cellulose run-through fractions (Fig. 3B) . The presence of dol-CA molecules in the 30 mM fraction is consistent with the net negative charge (-1) associated with these species. Without DEAE cellulose prefractionation, only free dol species (n = 18-20) are detected as negative acetate adduct ions by LC/MS (Fig. 3A) .
Discussion
Mammalian dol is a mixture of molecular species, usually consisting of 16 to 22 isoprene units (19) . Species with 18 to 20 units are the most abundant. All of double the bonds, except for those derived from the farnesyl diphosphate (or in some systems the geranygeranyl diphosphate) primer, have the cis configuration (Scheme 1) (20) . The prenyl transferase responsible for the elongation of farnesyl diphosphate to dol, which sequentially incorporates 13 to 19 isoprene units using isopentenyl diphosphate, orients its substrates differently than does the farnesyl diphosphate synthase (20) . Although free dol is the predominant prenol lipid present in animal cells, dol is initially biosynthesized as the diphosphate derivative (21) . The latter is then cleaved to dol-phosphate and free dol (21) . However, kinases exist that can recycle dol back to dol-phosphate (21) . In our experience, dol-phosphate is much less abundant in animal cells than is free dol (data not shown). Furthermore, dol-phosphate is converted to several important dol-phosphate sugar derivatives. These include dol-phosphate mannose and the dol-diphosphate oligosaccharide (GlcNAc 2 Man 9 Glc 3 ) used for protein N-glycosylation (21, 22) . Like dolphosphate itself, these dol-phosphate sugar derivatives are much less abundant than free dol.
While ours is the first isolation and unequivocal analysis by mass spectrometry of dol-CA as a natural product from any tissue, this class of molecules has been partially characterized previously, using an in vitro system (23) . In particular, NAD-dependent enzymatic conversion of dol to dol-CA in bovine thyroid extracts was demonstrated (23), but no evidence was presented showing the occurrence of this substance in vivo.
Based on knowledge of the catabolism of the plant isoprenoid, phytol, it may be speculated that the first step in dol catabolism is the oxidation of dol to dol-CA. The hypothesized biological degradation of dol-CA could involve the peroxisomal system for β-oxidation, ultimately yielding propionyl-CoA (24) . However, incubation studies of MDCK cells (dog distal tubulus cells) with synthetic dol-CA indicated that the acid is degraded via α-oxidation, producing formic acid, which is further oxidized to CO 2 (24) .
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Whatever the enzymatic pathway, the latter study demonstrates that there is a mechanism for the metabolism of dol-CA if it were to be produced naturally within tissues.
The distribution of free dol in NM is of great interest because it is atypical of the dol distribution in gray and white matter in the human brain (10, 14) . In NM from the SN, dol 18, 19, and 20 show comparable relative abundances, but in gray matter (14) dol-19 exceeds dol-20 and dol-18 by factors of 1.5 and ~3, respectively (Table 1 ). In all reports of human tissues, dol-19 in the predominant species (25) ; thus the lipid distribution in NM seems to be shifted in favor of slightly longer lengths and a broader distribution (Table 1) . Interestingly, the distribution of dol-CA species is more narrowly centered around 19 isoprene units ( Table 1 ), suggesting that the putative dehydrogenase(s) that synthesize dol-CA from dol prefer dol-19 over the other available molecular species.
In previous studies of the gray matter of human and mouse brain, dol-CA was not observed in detectable quantities, but high-resolution mass spectrometry was not used to analyze the lipids. This and our analysis of total pig brain lipids (Fig. 3) suggests that the NM granules are greatly enriched in dol-CA and may therefore contain the enzyme(s) responsible for its biosynthesis. As shown in Figure 3 , we were able to detect dol-CA in commercial porcine brain lipids only if they were subjected to extensive pre-fractionation on an anion exchange resin to remove the major lipids, which probably cause signal suppression of minor components like dol-CA during mass spectrometry. a Molecular species distribution of dol from gray matter of human brain, determined by integrating HPLC-UV peak area at 215 nm (14) . 
